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INTRODUCTION 


The  majority  of  optical  inspection  on  items  for  defects  is  done  by  human  operators, 
and  for  good  reason.  The  human  has  high  resolution,  his  analysis  is  unsurpassed,  and 
there  is  high  confidence  in  the  resulting  decision.  Yet,  as  sophisticated  and  versatile  as 
the  human  can  be  in  decision  making,  there  are  many  areas  where  it  would  be  highly 
advantageous  to  have  an  automated  optical  inspection  system.  These  areas  are  found 
wherever  high  volume,  low  cost  inspection  requirements  exist.  Almost  any  defect  that 
can  be  picked  out  by  a human  inspector  can  also  be  picked  out  by  an  automated  system, 
if  one  is  willing  to  provide  unlimited  time  and  money.  If  the  defect  has  high  contrast 
against  a negligible  background,  the  components  necessary  can  consist  of  a lens,  a 
photodetector  and  a voltage  discriminator.  As  the  background  becomes  more  complex, 
and  the  defect  less  pronounced,  resolution  (detection)  and  classification  become  increas- 
ingly more  difficult.  Although  the  more  difficult  cases  are  presently  being  attacked 
only  at  research  levels  and  at  great  expense,  yet,  if  the  volume  and  need  justify,  even 
complex  cases  can  be  reduced  to  practical  levels.  An  example  is  provided  by  the  Post 
Office  letter  reader,  a system  that  can  economically  classify  letters  at  the  rate  of  43,000 
per  hour. 

The  goal  of  this  report  is  to  provide  a guide  for  the  reader  as  to  how  far  he  may 
practically  expect  to  proceed,  using  existing  technology,  in  solving  a defect  recognition 
problem. 

BACKGROUND 

The  art  of  optical  detection  of  surface  defects  is  the  art  of  pattern  recognition, 
thus  this  survey  is  organized  around  pattern  recognition  procedures. 

There  are  several  systems  of  logic  on  which  pattern  recognition  is  based  (Ref  1,  2, 
3).  The  approach  most  generally  employed  proceeds  in  a manner  as  illustrated  in  the 
following  example.  Assume  there  exists  a field  of  view  in  which  a target  (defect)  lies. 

For  this  example  we  have  chosen  a crack  to  represent  the  target  against  a background 
of  random  noise  (Fig  1).  Assume  also  that  the  information  about  the  scene  consists 
only  of  the  output  of  a photodetector,  which  is  proportional  to  the  brightness  of  the 
scene.  The  output  over  a single  scan  is  shown  in  Figure  2.  The  crack  blip  in  Figure  2 
can  be  readily  discerned  by  the  reader;  however,  getting  an  electronic  system  to  perform, 
which  to  a human  represents  the  simplest  of  tasks,  can  present  a formidable  problem. 

The  ability  of  a machine  to  recognize  a target  is  a function  of  the  machine’s  ability  to 
measure  a characteristic  or  characteristics  of  that  target  that  differentiates  the  target 
from  its  background.  The  amplitude  of  the  crack  signal  can  represent  one  such 
characteristic.  If  we  examined  numerous  crack  signals  and  background  signals,  we 
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Fig  1 An  example  of  a typical  crack  environment 
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Fig  2 Photodetector  output,  single  scan 
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would  expect  to  find  a distribution  of  amplitudes  as  shown  in  Figure  3.  It  can  be  seen 
that  if  amplitude  is  the  sole  criterion  for  crack  identification,  there  exists  a large  region 
of  ambiguity  where  signals  arising  from  cracks  and  background  can  be  confused.  Notice 
that  the  crack  signal,  as  shown,  is  sharper  in  profile  than  that  coming  from  the  back- 
ground and  thus  is  composed  of  higher  electronic  frequencies.  If  frequency  now  be- 
comes a second  characteristic  measured,  it  is  possible  to  construct  a two-dimensional 
vector  space,  similar  to  Figure  4. 

Notice  how  the  ambiguous  region  has  been  reduced  by  use  of  the  second  character- 
istic. Further  resolution  can  be  achieved  by  the  measurement  of  additional  character- 
istics. When  the  resolution  of  the  target  from  the  background  becomes  adequate,  analy- 
sis can  stop.  If  not,  additional  characteristics  must  be  measured  until  the  desired  resolu- 
tion is  achieved.  This  analysis  can  be  generalized  to  apply  to  alternate  sources  of  infor- 
mation, such  as  those  arising  from  radar  signals,  magnetic  measurements,  etc.,  and  can 
be  profitably  applied  to  include  other  techniques  of  nondestructive  testing. 

Bear  in  mind  that  in  the  preceding  example,  the  analysis  was  against  a random 
background.  In  numerous  cases,  however,  discrimination  will  also  have  to  be  made 
against  regularly  shaped  objects  in  the  field  of  view,  such  as  gears,  rods,  edges,  or  cavi- 
ties. Under  these  conditions,  measurements  of  more  complex  characteristics,  such  as 
moments,  comers,  or  perimeters,  may  become  necessary. 

A partial  list  of  measurable  characteristics  normally  associated  with  optics  would 
include:  brightness,  color,  contrast,  width,  length,  perimeter,  area,  comers,  moments, 
shape  correlation,  and  texture.  Brightness  can  be  measured  with  a simple  photodetector 
circuit.  Color  and  spectral  characteristics  may  require  several  photodetectors  and 
spectral  filters.  Width,  length,  perimeter,  and  area  become  more  difficult  to  measure, 
requiring  analog  or  digital  data  processing  systems.  Many  defects  may  be  positively 
identified  by  use  of  these  four  parameters  alone.  Moments  and  corners  may  require 
small  digital  computer  systems.  Correlations  and  texture  measurements  may  require 
large  computer  memories  and  can  be  expensive  and  time  consuming  to  obtain. 

Because  there  are  so  many  possible  targets  to  identify  against  such  a large  variety 
of  backgrounds  using  a large  variety  of  potential  characteristics  that  may  be  measured 
by  numerous  techniques,  almost  any  real  defeat  detection  problem  must  have  a specifi- 
cally tailored  solution.  The  design  engineer  must  make  the  optimum  trade-off  between 
the  convenience  of  measuring  each  characteristic,  its  resolution  potential,  and  cost 
effectiveness. 

For  example,  if  the  problem  consisted  of  identifying  dogs  against  a background  of 
snakes,  legness  would  be  an  ideal  characteristic  to  measure.  If  there  were  only  a few 
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Fig  3 Amplitude  domains  for  cracks  and  backgrounds,  one  dimension 
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Fig  4 Amplitude  frequency  domains  for  cracks  and  background,  two  dimensions 
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cents  available  to  identify  dogs  versus  snakes  per  field  of  view,  and  the  quality  of  legness 
required  dollars  per  field  of  view  to  measure,  legness  would  become  an  inappropriate 
variable.  If  the  problem  were  identifying  dogs  versus  cats,  the  quality  of  legness  would 
again  become  inappropriate. 

The  concept  of  resolution  for  these  characteristics  can  become  difficult  to  define. 
The  resolution  of  an  electronic  signal  against  a random  background  is  well  defined,  as 
is  resolution  for  points  of  light  against  a black  background,  but  what  is  the  definition 
of  resolution  for  comers  against  a geometric  background?  What  is  the  resolution  ability 
of  a system  for  identifying  tanks  against  a background  of  trees,  or  trees  and  buildings? 
For  the  most  part,  resolution  must  be  defined  against  the  background  found  in  normal 
usage  and  must  be  measured  statistically. 

In  this  report,  an  attempt  has  been  made  to  place  measurement  techniques  in  order 
of  increasing  power  and  versatility.  Unfortunately,  associated  with  this  increase  are 
increases  in  expense  and  processing  time.  The  total  costs  can  vary  significantly  between 
processes  and  the  engineer  should  take  care  to  carefully  define  requirements  before 
attacking  a specific  problem. 

OPTICAL  IMAGE  PROCESSING  TECHNIQUES 

The  general  goal  of  an  engineer  in  designing  an  optical  inspection  station  is  to 
develop  a system  such  that,  when  a defective  item  passes  through  a field  of  view,  a 
photodetector  electronic  system  “sees”  the  defect,  puts  out  an  electronic  signal,  and 
the  item  is  rejected.  To  ease  the  task  of  the  electronic  system  there  are  steps  that  may 
be  taken  with  the  image  prior  to  its  being  converted  to  an  electronic  signal.  In  certain 
cases,  this  processing  alone,  along  with  a photodetector  circuit,  will  adequately  resolve 
the  defect. 

Color 

A defect  may  be  detected  if  its  color  differs  significantly  from  the  background.  If 
the  color  is  pronounced,  a single  color  filter-photodetector  combination  may  prove 
adequate.  A three  filter  detector  system  can  give  color  resolution  approaching  that  of 
the  eye.  A light  loss  is  suffered  in  using  filters  and,  if  ambient  light  is  low,  faster  re- 
sponse times  must  be  traded  for  sensitivity.  For  well  illuminated  subjects  the  response 
time  is  that  of  the  photodetector-electronic  circuitry  which  can  be  designed  to  be  more 
than  adequate  to  handle  mechanically  handled  parts.  The  exact  response  time  is  a func- 
tion of  the  illumination  available,  field  of  view,  band  pass  of  the  optical  filter,  and  the 
detector  sensitivity. 
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By  use  of  diffraction  gratings  and  self-scanned  photodiode  arrays,  existing  com- 
mercial systems  can  monitor  up  to  500  optical  wavelengths  simultaneously. 

Reticles 

Proper  selection  of  reticles  can  provide  a good,  convenient  method  of  making  a 
target  stand  out  from  its  background.  In  its  simplest  form,  the  technique  can  consist  of 
matching  a photodetector’s  field  of  view  to  the  dimension  of  the  target.  This  will  pro- 
vide maximum  response  from  the  photodetector  as  the  target  passes  through  the  field  of 
view.  If  the  shape  of  the  field  of  view  exactly  matches  that  of  the  target,  the  maximum 
photodetector  response  will  follow.  However,  exact  shape  matching  will  make  the  out- 
put drop  significantly  with  variations  in  target  size  and  orientation.  An  example  can  be 
seen  in  considering  the  detection  of  a crack.  If  the  field  of  view  exactly  matches  the 
geometry  of  one  particular  crack,  the  minimum  background  light  will  reach  the  photo- 
detector when  the  crack  is  out  of  the  field  of  view,  and  maximum  signal  as  the  crack 
occupies  the  entire  field  of  view  and  the  maximum  signal-to-noise  ratio  will  follow.  If 
a smaller  crack  should  be  found  in  the  field  of  view,  the  S/N  ratio  will  decrease.  It  can 
be  seen  that  any  variation  in  geometry  or  orientation  of  the  crack  will  drastically  reduce 
the  S/N  ratio.  To  obtain  optimum  S/N  ratios,  the  engineer  must  statistically  match  the 
field  of  view  to  the  family  of  defects  to  be  encountered. 

The  field  of  view  may  be  continuously  swept  with  a linear  grid  pattern.  If  the 
width  of  the  grids  matches  the  dimensions  of  the  target,  a maximum  a.  c.  signal  will  be 
produced,  yielding  size  discrimination  (Fig  5).  If  the  target  has  a large  length-to-width 
ratio,  it  can  be  seen  that  the  a.  c.  envelope  will  vary  depending  on  the  orientation  of  the 
target  to  the  grid,  providing  a crude  form  of  shape  discrimination. 

More  sophisticated  variations  in  the  scanning  grid  will  in  addition  frequency  modu- 
late the  target  signal  and  provide  information  as  to  the  target  location  in  the  field  of 
view  (Ref  4). 

Diffraction  (Ref  5) 

The  diffraction  pattern  of  an  object’s  profile  may  be  formed  by  back  illuminating 
the  object  with  coherent  light  (laser)  and  observing  the  shadow  formed  at  a distance 
(Fig  6).  The  Fraunhofer  diffraction  pattern  (far  field)  for  the  object  is  formed  at  the 
focal  length  of  a lens  placed  in  this  shadow.  The  dimensions  of  objects  may  be  computed 
by  monitoring  the  spacing  of  nulls  in  either  far  or  near  field  patterns.  The  advantage  of 
this  technique  lies  in  the  inverse  relationship  between  null  spacing  and  object  dimension, 
making  rapid,  accurate  size  measurements  possible  for  small  items.  Usually  this  tech- 
nique is  used  for  monitoring  hole  sizes,  slit  widths,  wires,  or  small  particles.  By  use  of 
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Fig  5 Simple  reticle  chopping  system 
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Fig  6 Example  of  diffraction 


straight  edges,  variations  in  profile  of  flat  surfaces  can  be  monitored.  On  commercial 
equipment,  accuracy  from  1 to  3%  of  reading,  and  resolution  to  250  microns  is  reported. 
Measurable  slit  widths  usually  range  between  .015  and  1.5  mm  (Ref  6)  and  aperture 
diameters  between  .025  and  .4  mm. 

Scatter 

In  focusing  a laser  beam  onto  a surface,  light  is  scattered  in  a pattern  characteristic 
of  the  texture  of  the  illuminated  area  (Fig  7).  Since  defects  will  alter  this  scatter  signifi- 
cantly, by  monitoring  the  pattern  the  presence  of  the  defect  will  become  evident.  Un- 
fortunately, variations  normally  found  in  the  surface  finish,  such  as  scratches,  polish 
marks,  or  water  spots,  can  have  a pronounced  effect  on  the  scatter  and  can  cause  false 
rejection  of  good  items.  The  main  limitation  of  this  type  inspection  is  in  having  too 
much  sensitivity.  Detection  of  scratches  or  cracks  becomes  difficult  on  surfaces  having 
roughness  values  above  .05  micrometer  r.m.s.  The  effect  of  more  diffuse  surfaces  may 
be  reduced  by  oblique  angle  illumination  (Ref  7).  Useful  focused  beam  diameters  run 
down  to  typically  0.125  mm,  with  which  detection  of  defects  of  .025  mm  is  claimed. 

It  can  be  seen  that  numerous  scans,  using  a beam  of  this  diameter,  are  necessary  to  com- 
pletely cover  most  surfaces.  Systems  capable  of  scanning  6.5-inch  cylinders  in  two 
seconds  have  been  developed.  The  quality  of  surface  finishes  may  be  monitored  by 
these  techniques  (Ref  8,  9).  Battelle  Northwest  has  developed  an  inspection  station  for 
Frankford  Arsenal  that  inspects  1 200  small  caliber  cartridges  per  minute.  It  is  reported 
that  the  surface  of  rolled  or  sheet  metal  can  be  continuously  monitored  for  scratches, 
cracks,  slivers,  roll  marks,  or  dirt  pits  with  satisfactory  results  (Ref  10). 

Optical  Spatial  Filters 

By  use  of  a relatively  simple  optical  system,  it  is  possible  to  obtain  two-dimensional 
Fourier  transformations  of  an  object/scene  (Ref  1 1).  The  basic  system  is  made  by 
placing  two  lenses  of  equal  focal  length  at  a distance  equal  to  twice  their  focal  length 
apart  (Fig  8).  This  gives  a one-to-one  imaging  system  for  an  object  placed  one  focal 
length  in  front  of  the  first  lens.  When  an  object  is  back  illuminated,  using  coherent  light 
from  a laser,  a light  distribution  proportional  to  the  Fourier  transform  for  the  object 
will  be  formed  halfway  between  the  two  lenses.  The  properties  of  Fourier  transforms 
are  such  that  they  represent  the  two-dimensional  spatial  frequency  spectrum  of  the 
object,  and,  by  proper  analysis,  information  as  to  the  nature  of  the  object  can  be  ob- 
tained (Ref  12).  In  this  system,  Fourier  transforms  are  formed  in  real  time  and  with 
high  spatial  resolution.  The  resolution  is  that  of  the  optics  used.  To  perform  similar 
transformations,  digital  computers  require  large  memories  and  long  run  times,  and  then 
sacrifice  resolution.  Periodic  objects,  as  found  in  man-made  structures,  produce  the 
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Fig  7 Laser  scatter 
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Fig  8 Optical  setup  for  producing  Fourier  transforms 


most  distinctive  patterns.  This  property  is  commonly  used  in  classifying  aerial  photo- 
graphs. In  general,  optical  Fourier  transform  analysis  works  best  on  small  objects,  on 
the  order  of  millimeters  or  less,  due  to  the  inverse  relationship  found  between  transform 
and  object  dimensions. 

By  monitoring  the  transform  itself  with  photodetectors,  objects  may  be  classified 
by  distinctive  spatial  frequency  characteristics.  Potential  uses  include  land  classification, 
fingerprint  preprocessing,  and  particle  size  analysis  (Ref  12,  14,  15).  Special  photodiode 
arrays  integrated  into  minicomputers  are  available  specifically  for  transform  analysis. 
Also  available  are  TV-monitored  Fourier  transform  systems  for  manual  analysis. 

By  placing  optical  filters  in  the  Fourier  transform  plane,  the  image  may  either  be 
differentiated,  edge  enhanced,  or  may  have  selected  spatial  frequencies  suppressed 
(Ref  16,  17).  Under  edge  enhancement  or  differentiation  (Ref  18),  the  object’s  peri- 
meter in  the  image  appears  as  a thin,  glowing  line.  This  process  has  been  used  for  radio- 
graphs (Ref  19).  By  use  in  conjunction  with  a simple  photodetector,  edge  enhancement 
could  find  use  in  automatic  perimeter  measurement  or  as  part  of  a system  to  discrimi- 
nate objects  with  unique  perimeter-to-area  ratios,  perhaps  to  signal  incorrect  geometries 
found  among  production  items.  Preferential  edge  enhancement,  where  edges  lying  only 
in  a selected  orientation  are  enhanced,  has  potential  use  in  detecting  misaligned  com- 
ponents. 

By  the  use  of  appropriate  filters  in  the  Fourier  transform  plane,  selected  spatial 
frequencies  can  be  removed  from  the  image.  Frequency  filtering  can  be  used  to  improve 
the  contrast  between  the  target  and  its  background  where  either  the  target  or  its  back- 
ground consists  of  a predominant  spatial  frequency.  Photographs  are  frequently  en- 
hanced in  this  manner. 

These  operations  are  limited  to  subjects  of  such  dimensions  that  they  can  be  evenly 
illuminated  by  parallel  light,  usually  on  the  order  of  a few  inches  or  less.  The  subject 
must  be  opaque  or  in  the  form  of  a transparency  without  excessive  background  detail. 
Dust  present  in  the  system  will  reduce  effectiveness  and,  as  is  true  of  most  coherent 
optical  systems,  the  image  suffers  from  speckle  (Ref  20). 

By  holographic  procedures  at  the  Fourier  transform  plane,  filters  may  be  con- 
structed that  are  phase  and  amplitude  matched  to  a specific  object  (Ref  21,  22,  23,  24, 
25).  Information  transmitted  to  the  image  plane  will  be  inversely  proportional  to  the 
similarity  of  new  objects  and  the  original  object  used  in  producing  the  filter.  A pattern 
recognition  system  can  be  made  by  placing  a photodetector  at  the  image  plane.  These 
type  filters  have  become  known  as  “Vander  Lugt”  filters. 
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A variation  of  this  system  will  produce,  off  axis,  a light  distribution  which  corres- 
ponds to  the  two-dimensional  mathematical  correlation  between  the  two  objects  (Ref 
26).  Optical  correlation  tends  to  work  best  on  small  objects,  on  the  order  of  a few 
millimeters  or  less.  The  filters  are  specifically  tailored  for  a particular  object;  slight 
variations  in  size  or  orientation  degrade  performance.  The  filters  are  not  affected  by 
object  position  in  the  field  of  view. 

Image  Subtraction  (Ref  27) 

Optical  image  subtraction  takes  advantage  of  the  fact  that  a cosine  grating  placed 
across  the  Fourier  transform  plane  will  produce  two  images  of  an  object,  1 80°  out  of 
phase.  By  careful  positioning  of  two  objects,  one  set  of  their  images  can  be  made  to 
cancel  out.  Wherever  dissimilarities  between  the  two  objects  are  found,  there  is  incom- 
plete cancellation,  as  a result  of  which  differences  become  readily  observable.  This 
system  is  sensitive  to  slight  misalignment.  The  maximum  object  dimension  is  on  the 
order  of  1 /2-inch  width. 

In  order  to  produce  the  effect,  the  subject  must  be  back  lit.  Transparencies  may 
be  used  if  care  is  taken  to  insure  flatness  of  the  backing,  as  slight  variations  will  introduce 
phase  shifts  that  will  alter  the  effect  adversely.  The  two  objects  must  be  precisely  regis- 
tered; any  deviation  will  show  up  as  a difference  reading. 

OPTICAL  SCANNERS  AND  DIGITIZERS  (REF  30,  31) 

In  the  techniques  described  above,  the  image  processing  was  accomplished  entirely 
with  the  use  of  coherent  (laser)  light.  Such  methods  are  largely  based  on  the  properties 
of  diffraction  and  may  properly  be  categorized  as  “analog  optical  computers”.  Despite 
their  inherent  simplicity,  there  are  sufficient  drawbacks  (as  described  above)  to  fre- 
quently render  it  necessary  to  analyze  defect-containing  images  with  ordinary  (inco- 
herent) light.  The  data  is  then  handled  by  electronic  digital  computer  methods.  Before 
this  can  be  done,  however,  it  is  necessary  to  extract  the  information  from  the  image  by 
resorting  to  some  form  of  image  scanning.  This  section  describes  a variety  of  scanning 
techniques  available  today.  The  processing  train  discussed  from  this  point  on  is  il- 
lustrated in  Figure  9. 

The  items  must  be  optically  scanned  before  electronic  detection  of  defects  can 
take  place.  The  optical  scan  will  determine  the  spatial  and  gray  level  resolution  for  the 
entire  system.  Also,  total  scan  time  can  be  the  limiting  factor  for  inspection  rates. 
Because  the  scanning  system  limits  the  total  information  available  for  analysis,  it  is 
important  that  any  information  necessary  to  resolve  the  defect  not  be  lost.  However, 
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excessive  information  provided  will  be  paid  for  in  terms  of  scan  and  processing  time. 

The  engineer  must  determine  the  optimum  trade-off  between  information,  content, 
resolution,  and  flow  rate  in  selecting  the  best  scanning  system  for  the  problem  at  hand. 

The  basic  scan  element  is  called  a pixel.  A 500  x 500  array  scan  raster  will  provide 
250,000  pixels.  To  double  this  spatial  resolution  1000  x 1000  pixels  will  be  necessary, 
implying  an  increase  of  four  times  the  scan  with  a concurrent  increase  in  processing 
times. 

The  stated  gray  scale  resolution  can  be  misleading  for  most  practical  applications, 
for  at  higher  levels,  one  starts  discriminating  uneven  lighting  on  the  subject.  For  most 
analysis  problems,  it  is  usually  unnecessary  to  provide  more  than  9 or  10  gray  shade 
levels. 

Mechanical  Scanning 

A mechanical  scan  of  an  item  can  be  made  by  either  moving  a photodetector 
across  the  item,  moving  a photodetector  across  an  image  of  the  item,  or  moving  the 
item  through  a photodetector’s  field  of  view.  Although  mechanical  scanning  provides 
the  highest  spatial  resolution  of  any  scanning  system,  it  tends  to  be  slow,  up  to  20,000 
pixels  per  second.  In  using  microscope  lenses,  resolution  can  approach  one  micron. 
Flatbed  microdensitometers  provide  the  ultimate  in  photometric  and  positional  accuracy 
but  tend  to  be  too  slow  for  most  applications.  Rotating  drum  scanners  compromise 
accuracy  for  increased  speed. 

Because  it  can  be  difficult  to  maintain  proper  focus  on  the  object,  commercial 
systems  are  generally  used  only  on  flat  objects,  such  as  transparencies  and  photographs. 
Gray  level  discrimination  can  be  up  to  256  levels  (8  bits),  although  only  45  to  105 
levels  may  be  useful,  due  to  nonlinearities  in  the  film  (Ref  32).  A typical  rotating 
drum  scanner  will  cover  a 12.5  x 12.5  cm  film  using  a 25-micron  raster  in  40  minutes. 
This  rate  may  be  reduced  to  10  minutes  by  cutting  spatial  resolution  requirements  in 
half. 

Laser  Beam  Scanners 

A laser  beam  is  swept  linearly  across  the  subject  while  a photodetector  monitors 
the  reflected  light.  After  each  sweep,  the  subject  or  beam  is  advanced.  The  laser  beam 
may  be  deflected  through  the  scan  by  either  rotating  or  nodding  mirror  systems,  or  by 
acousto-optical  deflectors. 
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Fig  9 Basic  computer  image  processing  train 


In  general,  laser  beam  scanners  provide  a higher  signal-to-noise  ratio  than  is  found 
in  cathode  ray  tube  systems  and  thus  are  better  on  low-contrast  targets.  On  items  with 
curved  geometries,  there  may  be  problems  in  holding  the  focus.  The  data  rate  is  limited 
by  the  response  rate  of  the  photodetector,  but  data  rates  in  excess  of  106  pixels  per 
second  can  be  easily  accomplished.  Spatial  resolutions  can  approach  six  micrometers. 
The  gray  level  resolution  is  better  than  64  levels. 

Profilometers 

The  surface  relief  of  a body  can  be  measured  to  high  precision  by  use  of  optical 
profilometers,  a convenience  in  searching  for  defects  with  unusual  depth,  such  as  cracks 
or  pits.  They  can  work  either  by  measuring  variations  in  spot  diameter  on  the  body’s 
surface  of  a focused  laser  beam  or  by  measuring  the  variation  in  relative  position  with 
profile  of  a laser  beam  spot  as  observed  at  an  angle.  Variation  in  profile  less  than  the 
spot  diameter  in  extent  will  not  be  followed.  Claims  are  made  for  instruments  capable 
of  measuring  points  down  to  10  to  100  microns  in  extent  with  accuracy  of  0. 1 to  10 
microns  (Ref  28).  Other  reports  indicate  possible  resolution  of  one  nm  and  precision 
of  10  nm  (Ref  29). 

TV  Camera  Scanners 

TV  cameras  provide  analog  outputs  that  can  be  conveniently  processed  and  are 
extensively  used  in  operator-computer  interactive  systems  (Ref  34). 

Spatial  resolution  will  be  described  by  the  scan  raster,  conventionally  525  x 485 
lines.  There  are  systems  providing  up  to  6000  line  resolution,  but  unfortunately  with 
losses  in  frame  rate  (Ref  35).  By  the  use  of  lenses,  the  field  of  view  can  range  from 
microscopic  to  stellar.  The  field  of  view  is  scanned  effectively  in  1/30  second,  which  is 
considered  to  be  real  time  for  human  observers.  Scan  rates  of  1/60  second  are  available. 
At  present  TV  scanners  are  perhaps  the  most  versatile  scanning  systems  for  use  in  image 
analysis.  Up  to  64  gray  levels  are  resolvable,  providing  accuracy  of  3 to  5%  of  true 
density  values. 

Image  Dissector 

The  image  dissector  is  a variation  of  a cathode  ray  tube.  Its  use  is  usually  limited 
to  applications  where  the  subject  may  be  well  illuminated;  5 to  50  foot  candles  illumi- 
nation is  typical.  Image  dissector  resolution  can  surpass  3000  TV  lines  per  diagonal 
(Ref  36).  Image  dissectors  have  a high  degree  of  positional  accuracy.  Up  to  256  gray 
levels  are  resolvable.  Processing  speeds  can  be  increased  by  scanning  to  every  second, 
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fourth,  or  eighth  line.  Faster  scan  rates  are  penalized  by  loss  of  signal-to-noise  ratio. 

In  order  to  approach  the  S/N  ratio  of  vidicons,  the  image  dissector  may  have  to  run 
at  one  two-hundredth  the  rate  of  the  vidicon. 

When  the  image  dissector  is  used  in  a displacement  follower,  at  a rate  of  25  KHZ, 
resolutions  of  .01%  of  full  scale  and  accuracies  of  + .51%  are  achieved. 

Flying  Spot  Scanner 

Flying  spot  scanners  work  by  imaging  the  focused  spot  of  a cathode  ray  tube  onto 
the  subject  being  analyzed.  Due  to  their  low  light  output,  sensitive  detectors  such  as 
photomultiplier  tubes  must  be  used.  Because  flying  spot  scanners  are  based  on  cathode 
ray  tubes,  they  have  the  resolution  and  speed  generally  associated  with  vidicon  systems. 
Accurate  imaging  of  the  spot  onto  the  subject  requires  a relatively  flat  subject.  Geo- 
metric distortion  is  found  at  large  angles.  Flying  spot  scanners  presently  provide  the 
most  popular  scanning  method  for  optical  character  recognition  work,  due  in  part  to 
the  ability  to  program  the  spot  to  skip  around  as  necessary.  The  systems  tend  to  be 
expensive  and  bulky. 

High-resolution  cathode  ray  tubes  are  available  with  a spot  size  of  .0007  inch  on 
a 5-inch-diameter  tube. 

Photodiode  Arrays 

The  concept  behind  this  type  scan  is  to  image  the  field  of  view  onto  an  array  of 
photodiodes,  each  of  which  will  have  an  output  proportional  to  the  amount  of  light  it 
receives.  Since  these  arrays  have  become  solid  state,  they  require  less  replacement  than 
either  CRT  or  laser  scan  systems.  The  arrays  can  be  either  linear  or  two  dimensional, 
the  spatial  resolution  being  proportional  to  the  number  of  photodiodes  used.  An  ad- 
vantage of  these  systems  is  that  they  operate  at  low  voltage  as  opposed  to  cathode  ray 
tube  systems,  which  require  high  voltages  for  electron  beam  deflection. 

Self-Scanned  Arrays 

Self-scanned  arrays  put  out  a sequence  of  pulses  proportional  to  the  amount  of 
light  received  by  each  photodiode.  Each  photodiode  will  integrate  the  light  received 
between  integrations.  Thus  longer  scan  time  can  be  traded  for  increased  sensitivity. 
Scanning  rates  of  up  to  5 MHZ  are  available.  In  order  to  achieve  the  higher  rates,  high 
light  levels  are  required.  The  arrays  are  small,  64  photodiodes  typically  occupying 
1/8  inch  in  a linear  configuration.  Several  such  arrays  may  be  placed  in  series  to 
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increase  linear  resolution  while  also  increasing  sensitivity.  Square  arrays  are  available  in 
a small  vidicon.  Signal-to-noise  ratios  are  low,  relative  to  that  of  a conventional  TV 
camera.  Monitoring  systems  are  available  with  resolution  to  50  microinches. 

Charge-Coupled  Devices  (CCD) 

Charge-coupled  devices  will  probably  replace  conventional  vidicons  for  TV  cameras 
in  time.  Although  the  sensitivity  of  charge-coupled  devices  is  not  quite  as  good  as  that 
found  in  conventional  TV,  they  have  better  precision.  They  have  the  potential  to 
achieve  the  highest  density  of  elements  of  any  scanner.  TV  cameras  based  on  CCD 
(100  x 100  array)  with  a minimum  of  .2  ft-candle  illumination  will  resolve  nine  shades 
of  gray,  at  the  rate  of  123  frames  per  second.  Square  arrays  of  up  to  496  x 475  ele- 
ments are  being  built  experimentally. 

ELECTRONIC  IMAGE  PROCESSING  TECHNIQUES 

Perhaps  the  simplest  of  electronic  operations  is  obtaining  a part  count  or  checking 
for  the  presence  or  absence  of  components.  A count  is  given  every  time  an  object  blocks 
a light  beam.  For  most  situations,  light  levels  may  be  controlled  and  the  count  may  be 
made  at  regions  of  high  detector  response  rates.  Under  these  circumstances,  the  count 
rate  will  most  likely  be  determined  by  the  rate  at  which  the  items  can  be  mechanically 
transported. 

Width  and  length  can  be  monitored  by  various  methods,  depending  on  the  scanning 
system  chosen.  By  imaging  the  item  onto  a single  cell  photodetector,  an  analog  output 
proportional  to  length  will  be  obtained.  Again,  fast  response  rates  are  attainable,  but 
accuracy  is  sacrificed. 

By  imaging  onto  linear  self-scanned  photodiode  arrays,  the  number  of  photodiodes 
illuminated  will  provide  a digital  measurement  of  a body’s  width.  By  use  of  the  imaging 
properties  of  lenses,  resolution  down  to  microscopic  levels  may  be  reached.  Typical 
scan  rates  will  be  about  2000  lines  per  second. 

Beam  scanning  systems  provide  an  output  proportional  to  the  length  of  time  the 
object  is  scanned,  hence,  to  its  width.  The  resolution  will  correspond  to  the  dimensions 
of  the  focused  beam.  Scan  rates  of  greater  than  8000  lines  per  second  are  obtainable. 

After  the  image  has  been  converted  to  an  electronic  signal,  the  signal  must  be 
properly  interpreted  so  as  to  extract  the  target  (defect)  from  the  background. 
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A basic  tool  for  analysis  is  the  process  of  thresholding.  That  is,  every  point  in  the 
image  is  given  an  integer  value,  depending  on  which  gray  scale  range  it  falls  in,  resulting 
in  an  image  which  is  digitized.  The  simplest  example  is  found  when  all  shades  of  gray 
exceeding  a preselected  value  are  given  the  value  of  one,  all  others  zero.  This  system 
alone,  in  cases  where  the  contrast  is  sufficient,  will  uniquely  identify  the  defect.  Areas 
may  be  measured  by  thresholding,  the  area  corresponding  to  the  number  of  pixels 
meeting  the  threshold  criterion.  Unfortunately,  in  many  cases  there  can  be  many  com- 
peting objects  in  the  field  of  view  that  are  also  thresholded  and  constitute  noise  from 
which  the  defect  must  be  separated.  The  problem  becomes  more  complex  in  that  some 
of  the  “noise”  represents  components  normally  found  in  the  item,  such  as  gears,  walls, 
or  cavities,  which  are  impossible  to  separate  by  any  thresholding  scheme. 

One  normally  useful  pre-processing  step  is  contrast  stretching,  a useful  enhancement 
technique  where  gray  scale  values  tend  to  be  bunched  together  and  are  difficult  for  the 
system  to  distinguish.  Stretching  multiplies  the  shade  scale  by  a mathematical  function 
with  an  eye  towards  stretching  the  contrast  into  a more  useful  range. 

Preliminary  to  thresholding,  there  are  analog  operations  that  can  be  performed  to 
increase  the  ratio  of  signal  to  random  noise.  Specialized  equipment  includes  autocor- 
relators, signal  averagers,  lock-in  amplifiers,  and  frequency  filters.  Mathematical  opera- 
tions may  also  be  performed,  such  as  multiplication,  division,  exponentiation,  obtaining 
of  sines,  etc.  Operations  performed  at  this  stage  offer  good  accuracy  and  low  cost  at 
speeds  compatible  with  the  rate  of  data  acquisition. 

TV-Operator  Interactive  Systems 

Commercially  available  TV-operator  interactive  systems  exist  that  can  perform 
sophisticated  target  analysis  and  measurement.  Although  TV  based,  they  conceivably 
can  be  modified  to  accept  any  analog  signal  source.  They  are  restricted  in  spatial  resolu- 
tion, gray  scale  resolution,  and  scan  rates  to  those  of  the  TV  camera.  For  human  analysis, 
they  operate  effectively  in  real  time  (1/30  second  per  frame).  Gray-scale  histograms 
are  constructed  and  displayed  in  real  time  and  serve  to  provide  information  to  the 
operator  for  selection  of  best  thresholding  levels,  Only  a few  levels  are  usually  necessary 
for  analysis.  Various  statistics  on  all  regions  falling  within  the  selected  threshold  bands 
are  computed  and  presented  in  a digital  readout.  Automatic  measurements  include  area, 
length,  width,  number,  and  perimeters.  Accessory  electronics  will  place  a cursor  on 
objects  displayed  on  the  TV  screen  meeting  operator  selected  criteria.  For  example, 
all  objects  with  total  area  falling  between  two  pre-selected  values  will  be  automatically 
marked.  This  feature  can  be  extended  to  include  any  mathematical  combination  of  the 
measurable  variables,  making  a rather  sophisticated  pattern  recognition  unit.  A running 
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count  is  maintained  on  the  objects  meeting  the  selection  criteria,  along  with  other 
statistics.  With  proper  modifications,  it  would  appear  feasible  to  adapt  these  systems 
into  an  automated  inspection  station.  For  example,  cracks  display  a high  perimeter-to- 
area  ratio.  Automatic  detection  would  be  achieved  by  making  and  culling  out  all  objects 
having  regions  exhibiting  high  perimeter-area  ratios. 

Other  options  are  available.  The  operator  can  indicate  an  object  on  the  screen 
using  a light  pen,  and  automatic  measurements  will  be  performed  on  the  object  and 
read  out  on  the  display.  Intersects  and  centroids  can  be  found.  Two  images  can  be 
subtracted,  a useful  operation  where  the  defect  can  be  typified  in  variations  from  a 
master.  The  image  may  be  differentiated,  providing  bold  outlining  of  objects  or  defects. 

Pseudo-color  enhancement  is  also  available,  but  this  type  enhancement  is  basically 
an  aid  for  human  inspection. 

Among  presently  used  practical  applications  are  automatic  Petri  dish  analysis,  auto- 
matic target  tracking,  and,  in  conjunction  with  a fluoroscopic  screen,  automatic  x-ray 
checking  of  length  and  presence  of  parts  (Ref  37,  38). 

Considering  the  cost  and  effectiveness  of  present  TV  analysis  systems,  they  appear 
to  have  potential  to  be  profitably  applied  to  many  defect  detection  problems. 

Computer  Processing 

By  use  of  digital  computers,  a whole  new  range  of  characteristics  become  available 
to  the  engineer.  Included  are  concepts  such  as  comers,  intersections,  and  moments. 

The  total  list  becomes  a function  of  the  imagination  and  capability  of  the  programmer 
(Ref  39).  Because  analysis  can  become  lengthy  and  computer  time  is  expensive,  the 
processing  rate  and  cost  become  prime  considerations. 

The  processing  cycle  consists  of  object  scan;  data  digitizing;  input  to  memory; 
processing;  output.  The  limiting  factor  in  time  per  item  will  normally  arise  in  either 
the  data  digitizing  rate  or  in  the  data  processing  rate,  while  the  bulk  of  expense  will 
normally  come  from  data  processing. 

Although  these  processes  ran  very  fast  per  bit  of  information,  the  vast  quantity 
of  information  required  for  analysis  can  yield  long  processing  times.  A 500  x 500 
resolution  image  digitized  into  64  gray  levels  has  2,000,000  bits  of  information.  If 
extensive  processing  is  required,  memory  requirements  can  easily  tax  the  largest  of 
computers.  Because  of  the  large  volume  of  information  handled,  processing  programs 
can  easily  slip  from  the  range  of  practicality. 
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The  cost  per  item  can  be  reduced  dramatically  by  development  of  special  purpose 
computers  but  development  can  be  prohibitively  expensive  for  all  but  very  high  volume 
tasks.  An  example  where  the  expense  is  justified  is  found  in  post  office  automatic  letter 
readers  or  in  automatic  fingerprint  classifiers  for  the  FBI. 

The  digitizing  step  can  present  a bottleneck  for  high  production  rates.  For  exam- 
ple, using  direct  feed  to  the  computer  memory,  the  scan  digitizing  rate  for  a TV  camera 
drops  to  two  frames  per  second. 


Once  the  data  is  in  the  computer,  mathematical  operations  may  be  performed  on  it. 
Typically,  about  500,000  additive  operations  can  be  carried  out  per  second,  or  80,000 
division  operations.  For  the  equivalent  of  TV  resolution,  the  operations  must  be  per- 
formed on  250,000  pixels,  placing  one  addition,  performed  on  each  pixel  of  the  image, 
in  the  half-second  category.  The  process  of  image  subtraction,  with  corrections  for 
exposure  differences,  film  non-linearities,  misalignments,  and  geometric  distortions 
may  require  80  operations  per  pixel.  It  follows  that  computer  image  analysis  can  easily 
become  impractical.  Yet,  Control  Data  Corporation  has  developed  a computer  complex 
that  will  perform  this  type  image  subtraction  at  the  rate  of  250,000  pixels  per  second. 

The  processing  cost/time  per  image  is  difficult  to  estimate,  being  strongly  depend- 
ent on  the  algorithm  selected.  Slight  modification  in  the  major  subroutines  can  signifi- 
cantly increase  the  information  handling  rate  of  the  computer  (Ref  40).  Operation  rates 
may  also  be  increased  by  parallel  use  of  multiple  computer  units. 

Some  operations,  such  as  Fourier  transformations,  require  that  all  image  data 
points  be  simultaneously  stored  in  memory.  Typical  computer  memories  run  up  to 
250,000  words.  For  TV  resolution,  the  entire  memory  would  be  filled  and  allow  no 
room  for  mathematical  operations.  In  these  cases  resolution  must  be  compromised. 

Many  operations,  such  as  contrast  stretching  or  local  correlation,  can  be  performed 
as  the  information  feeds  through,  greatly  reducing  memory  requirements  and  processing 
time.  Smaller  memories  may  be  used  in  this  case. 

In  some  operations,  where  there  is  computer-scanner  feedback,  the  object  itself 
can  serve  as  the  memory.  Feedback  systems  can  be  especially  useful  where  suspect 
areas  are  to  be  zeroed  in.  TV  scanners,  for  example,  when  used  as  memories,  will  have 
a random  access  time  ranging  from  5 microseconds  to  33  milliseconds. 

There  are  computers  dedicated  to  specialized  mathematical  operations  that  will 
ease  the  burden  of  the  general  computer.  For  example,  special  units  can  be  useful 
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where  numerous  repeated  arithmetic  operations  are  involved.  These  can  perform  about 
108  additive  operations  per  second  and  can  have  60  ns  semiconductor  memories.  Other 
systems  can  perform  1024  point  Fast  Fourier  transformations  in  4.5  to  60  milliseconds, 
or  1024  point  correlations  in  7 to  55  milliseconds. 

Operations  that  are  generally  performed  in  scanner-computer  complexes  include 
contrast  stretching,  counts,  subtraction,  measurement  of  area,  length,  and  width, 
Fourier  transformation,  frequency  filtering,  and  correlation. 

Software  and  hardware  to  perform  analysis  in  related  fields  can  be  found  at  all 
levels  of  development  (Ref  40,  41, 42).  Typical  are  the  areas  of  automatic  classification 
of  aerial  reconnaissance  photographs  (Ref  43,  44),  or  automatic  analysis  of  medical 
x-rays  (Ref  45,  46,  47,  48).  Many  of  the  operations  involved  have  potential  to  be 
profitably  adapted  to  defect  detection  and  an  engineer’s  efforts  can  be  greatly  reduced 
by  modification  of  existing  programs  or  hardware  to  his  particular  problem. 

In  view  of  the  general  versatility  and  present  research  trends,  it  appears  that  com- 
puter image  analysis  will  come  to  dominate  the  field  of  automatic  defect  detection  in 
the  future. 


SUMMARY  AND  CONCLUSIONS 

The  ability  to  resolve  a defect  has  an  inverse  relationship  to  the  complexity 
of  the  background.  If  the  background  is  sufficiently  subdued,  a simple  photodiode 
circuit  will  serve.  Because  each  defect  recognition  problem  is  in  a unique  environment, 
there  can  be  no  universal  solution.  As  the  complexity  of  the  background  increases,  so 
must  the  complexity  of  the  discriminator,  especially  when  the  background  includes 
man-made  objects.  The  increasing  complexity  necessary  to  solve  the  problem  can  be 
illustrated  by  image  subtraction.  Suppose  cracks,  pits,  or  blemishes  are  to  be  detected. 
By  subtracting  one  image  of  an  object  from  a second,  only  differences  will  remain  and, 
in  this  case,  the  difference  should  correspond  to  the  defect.  The  simplest  method  for 
subtraction  is  optical,  but  this  operation  is  effectively  limited  to  small  transparencies. 
Analog  TV  systems  will  perform  the  subtraction  in  1/30  second.  However,  the  object 
must  be  precisely  registered  and  lighting  must  be  consistent  from  object  to  object. 

More  versatile  would  be  computer  subtraction.  For  this  case,  positional  and  lighting 
variations  can  be  compensated  for,  along  with  normal  background  variations;  however, 
the  increase  in  versatility  is  paid  for  by  increased  processing  times. 

A second  illustration  could  be  found  in  resolving  geometric  distortions  in  a part. 

If  the  defect  consists  of  dimensional  variations  on  items  with  simple  geometry,  a simple 
optical  gauge  will  perform  well.  For  small  circles  or  spheres,  monitoring  the  diffraction 
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pattern  may  be  ideal.  As  the  geometry  becomes  more  complex,  such  as  in  gears,  analog 
perimeter  measurement  may  prove  necessary  and,  in  cases  of  excessive  noise  or  back- 
ground clutter,  a digital  analysis  may  have  to  be  performed. 

The  preceding  examples  are  meant  to  illustrate  the  point  that  the  engineer  needs 
to  know  the  options  available  in  order  to  develop  the  most  efficient  system  for  solving 
a particular  defect  detection  problem. 

In  general,  TV-analog  analysis  systems  are  available  that  perform  sophisticated 
target  identification  tasks  and  can  be  adapted  to  solving  perhaps  the  majority  of  indus- 
trial defect  recognition  problems.  In  many  areas,  digital  computer  analysis  is  super- 
seding analog  analysis  and  probably  will  come  to  dominate  the  field.  For  more  difficult 
recognition  problems,  digital  computers  may  offer  the  only  solution. 

At  present,  optical  pattern  recognition  systems  exist  that  can  be  applied  towards 
solving  many  automatic  defect  recognition  problems.  Although  offering  potential  to 
greatly  improved  production  quality  control  and  flow  rates,  these  systems  tend  to  be 
under-utilized. 
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AMSAV-EEG 
AMSAV-FEE 
AMSAV-LE 
AMSAV-LEP 
AMSAV-LSA 
AMSAV-PV 

, AMSAV-EFS 

St.  Louis,  MO  63166 

137 

138 

139 

140 

141 

142 

143 

144 

Commander 

US  Army  Aeronautical  Depot  Maintenance  Center 
(Mail  Stop  55) 

ATTN : AMSAV-FES,  Mr.  Bee 

Corpus  Christi,  TX  78419 

145 

Director 

US  Army  Production  Equipment  Agency 
ATTN:  AMXPE-MT 

Rock  Island  Arsenal 
Rock  Island,  IL  61201 

146 

Commander 

Harry  Diamond  Laboratories 
ATTN:  AMXDO-EDE 

Connecticut  Avenue  and  Van  Ness  Street,  NW 
Washington,  DC  20438 

147-148 
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Commander 


US  Army  Test  & Evaluation  Command 

ATTN:  AMSTE-RA 

Aberdeen  Proving  Ground,  MD  21005 

• 

149 

Commander 

US  Army  White  Sands  Missile  Range 
ATTN:  STEWS-  AD-L 

STEWS-ID-P 

Albuquerque , NM  88002 

150 

151 

Commander 

US  Army  Yuma  Proving  Ground 
ATTN:  STEYP-MTS 

STEYP-ADT 
Yuma,  AZ  85364 

152 

153 

Commander 

US  Army  Tropic  Test  Center 
ATTN : STETC-XO-A,  Drawer  942 

Ft.  Clayton,  CZ 

154 

Commander 

Aberdeen  Proving  Ground 
ATTN:  STEAP-MT 

STEAP-TL 

STEAP-MT-M,  Mr.  J.  A.  Feroli 
STEAP-MT-G,  Mr.  R.  L.  Huddleston 
Aberdeen  Proving  Ground,  MD  21005 

155 

156 

157 

158 

Commander 

US  Army  Arctic  Test  Center,  A 
ATTN:  STEAC-MO-AS 

APO,  Seattle  98733 

159 

Commander 

Dugway  Proving  Ground 
ATTN:  STEPD-TO(D) 

Utah  84022 

160 

y 
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Commander 

US  Army  Electronic  Proving  Ground 

ATTN:  STEEP-MT  161 

Ft.  Huachuca,  AZ  85613 

Commander 

Jefferson  Proving  Ground 

ATTN:  STEJP-TD-I  162 

Madison,  IN  47250 

President 

US  Army  Airborne 
Communications  & Electronics  Board 

ATTN:  STEBF-TD  163 

Ft.  Bragg,  NC  28307 

President 

US  Army  Air  Defense  Board 

ATTN:  STEBD-TD  164 

Ft.  Bliss,  TX  79916 

President 

US  Army  Armor  & Engineer  Board 

ATTN:  STEBB-TD  165 

Ft.  Knox,  KY  40121 

President 

US  Army  Aviation  Test  Board 

ATTN:  STEBG-MT  166 

Ft.  Rucker,  AL  36360 

President 

US  Army  Field  Artillery  Board 

ATTN:  STEBA-TD  167 

Ft.  Sill,  OK  73503 

President 

US  Army  Infantry  Board 

ATTN:  STEBC-TE  168 

Ft.  Benning,  GA  31905 
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169 


Commander 
Anniston  Army  Depot 
ATTN:  AMXAN-QA 

Anniston,  AL  36202 

Commander 

Letterkenny  Army  Depot 
ATTN:  AMXLE-QA 

Chambersburg,  PA  17201 

Commander 

Lexington-Bluegrass  Army  Depot 
ATTN:  AMXLX-QA 

Lexington,  KY  40507 

Commander 

New  Cumberland  Army  Depot 
ATTN:  AMXNC-QA 

New  Cumberland,  PA  17070 

Commander 
Pueblo  Army  Depot 
ATTN:  AMXPU-Q 

Pueblo,  CO  81001 

Commander 
Red  River  Army  Depot 
ATTN:  AMXRR-QA 

Texarkana,  TX  75501 

Commander 

Sacramento  Army  Depot 
ATTN:  AMXSA-QA 

Sacramento,  CA  95801 

Commander 
Savanna  Army  Depot 
ATTN:  AMXSV-QA 

Savanna,  IL  61074 


170 


171 


172 


173-174 


175 


176 


177 
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Director 

AMC  Ammunition  Center 
ATTN:  AMXAC-DE 

Savanna,  IL  61074 

Commander 
Seneca  Army  Depot 
ATTN:  AMXSE-RG 

Romulus,  NY  14541 

Commander 
Sharpe  Army  Depot 
ATTN:  AMXSH-QE 

Lathrop,  CA  95330 

Commander 
Sierra  Army  Depot 
ATTN:  AMXSI-DQA 

Herlong,  CA  96113 

Commander 

Tobyhanna  Army  Depot 
ATTN:  AMXTO-Q 

Tobyhanna,  PA  18466 

Commander 
Tooele  Army  Depot 
ATTN:  AMXTE-QA 

Tooele,  UT  84074 

Chief 

Bureau  of  Naval  Weapons 
Department  of  the  Navy 
Washington,  DC  20390 

Chief 

Bureau  of  Ships 
Department  of  the  Navy 
Washington,  DC  203 1 5 


178 


179 


180 


181 


182 


183-184 

185 


186 
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Naval  Research  Laboratory 

ATTN : Dr.  J.  M.  Krafft,  Code  8430 

Washington,  DC  20375 


187 


* 


Commander 

Wright  Air  Development  Division 

ATTN:  ASRC  188-189 

Wright-Patterson  AFB,  OH  45433 

Director 

Air  Force  Materiel  Laboratory 

ATTN:  AFML-DO-Library  190 

Wright-Patterson  AFB,  OH  45433 


Director 

Army  Materials  and  Mechanics  Research  Center 


ATTN:  AMXMR-PL 

191-192 

AMXMR-M 

193 

AMXMR-P 

194 

AMXMR-RA,  Mr.  F.  Valente 

195 

AMXMR-MQ 

196-197 

AMXMR-MS 

198 

AMXMR-MN,  Mr.  H.  Hatch 
Watertown,  MA  02172 

199 

i 
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